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ABSTRACT
We present evidence of bar-induced secular evolution in galactic discs using 3.6 µm images
of nearby galaxies from the Spitzer Survey of Stellar Structure in Galaxies (S4G). We find
that among massive galaxies (M∗/M⊙> 1010), longer bars tend to reside in inner discs having
a flatter radial profile. Such galaxies show a light deficit in the disc surrounding the bar,
within the bar radius and often show a Θ-shaped morphology. We quantify this deficit and
find that among all galaxies explored in this study (with 109 < M∗/M⊙< 1011), galaxies with
a stronger bar (i.e. longer and/or with a higher Bar/T) show a more pronounced deficit. We also
examine simulation snapshots to confirm and extend results by Athanassoula and Misiriotis,
showing that as bars evolve they become longer, while the light deficit in the disc becomes
more pronounced. Theoretical studies have predicted that, as a barred galaxy evolves, the bar
captures disc stars in its immediate neighbourhood so as to make the bar longer, stronger and
thinner. Hence, we claim that the light deficit in the inner disc is produced by bars, which thus
take part in shaping the mass distribution of their host galaxies.
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1 INTRODUCTION
The evolution of galaxies is initially driven by fast and vio-
lent processes at early times. Later on, however, as the merger
rate drops, slow and secular processes start to become domi-
nant (e.g., Kormendy & Kennicutt 2004). One of the major con-
tributors that drive internal secular evolution in disc galaxies are
non-axisymmetric structures, such as bars (Athanassoula 2013;
Kormendy 2013; Sellwood 2014 for reviews covering the theoret-
ical and observational perspectives). Bars are common in nearby
disc galaxies (a fraction of 50∼ 70 per cent, e.g., Buta et al. 2015
and references therein, a fraction of ∼30 per cent when only strong
bars are counted. e.g., Masters et al. 2011; Buta et al. 2010, 2015
and references therein). Numerical and analytic studies show that
once disc galaxies are massive enough and rotation-dominated,
the bar instability develops relatively fast, within a few hun-
dred Myr (e.g., Pfenniger & Friedli 1991; Friedli & Benz 1993;
Athanassoula & Misiriotis 2002, hereafter AM02; Martel et al.
2013). However, the bar formation can be delayed if the disc
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is dispersion-dominated, if the initial dark matter halo is dom-
inant, or if the galaxy initially contains a large amount of
gas (Athanassoula & Sellwood 1986; AM02; Athanassoula 2003;
Athanassoula et al. 2013). Thus the fraction of barred galaxies pro-
vides us statistics on how many galaxies already have sufficiently
massive discs dominated by rotation (Sheth et al. 2012). Bar frac-
tions appear to change with redshift: from z = 0.8 to z = 0.2,
overall bar fractions increase from 20 to 65 per cent, while strong
bar fractions increase from 10 to 30 per cent (Sheth et al. 2008;
Cameron et al. 2010, see also Melvin et al. 2014). The lower bar
fraction at high redshift is mainly due to the lower mass galaxies
not yet having developed bars (Sheth et al. 2012). At z >1, there
are tentative bar detections in the near infrared data (Sheth et al.
2003), and the bar fractions appears to be ∼ 10 per cent at z=1.5∼2
(Simmons et al. 2014). Note that finding bars is subject to limits
due to image resolution and band-shifting.
Cosmological simulations suggest that bars formed during the
violent phase (z>1) may be easily destroyed or may become too
weak to be observed, whereas bars formed in the stellar disc at the
secular phase (z < 0.8) are predicted to be generally robust and
long-lived. The fraction of bars increases with time (Kraljic et al.
2012; Martig et al. 2012), consistent with the observed trend.
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It is challenging to gauge when bars are formed, as the
age of stellar populations building up a bar does not necessarily
refer to the formation epoch of the bar itself. Nevertheless,
several attempts have been made (e.g., Gadotti & de Souza 2005;
Wozniak 2007; Pérez et al. 2007; Pérez & Sánchez-Blázquez
2011; Elmegreen et al. 2009; Sánchez-Blázquez et al. 2011;
de Lorenzo-Cáceres et al. 2013; James & Percival 2016). The age
of bars seems to be correlated to the mass and dynamical status
of their parent galaxies. Massive, and rotation dominated galaxies
form their bars first (Sheth et al. 2008, 2012). Recent studies find
that some galaxies have hosted their bars for a long time. An
integral field spectrograph study on NGC 4371 reveals that the
inner disc and nuclear ring – thought to be composed of stars
formed from gas funnelled by the bar – are mainly composed of
old (> 10 Gyr) stellar populations, and indicate that the bar was
formed at z ∼ 1.8 (Gadotti et al. 2015).
Although not a direct measure of bar age, radial light profiles
of bars have been used to infer the dynamical age of bars (Kim et al.
2015). Because bars are formed from disc material, the radial pro-
files of bars at an early evolutionary stage would be similar to those
of discs, which are exponential (AM02). However, bars with expo-
nential profiles are not necessarily young (AM02). Whereas, bars
that show flat radial profiles are expected to be strong, and therefore
dynamically old. Bars in massive and bulge-dominated galaxies are
found to show flat radial profiles (Kim et al. 2015). Numerical sim-
ulations find that once bars are formed, it is difficult to dissolve
them (e.g., Shen & Sellwood 2004; Athanassoula et al. 2005, 2013;
Debattista et al. 2006; Berentzen et al. 2007; Villa-Vargas et al.
2010; Kraljic et al. 2012; Martig et al. 2012). Hence, bars must
have been influencing their host galaxies since they are formed, and
have an extended impact in the evolution of galaxies (Gadotti et al.
2015). Therefore, it is important to explore the impact of bar driven
secular evolution on their host galaxies.
Because of their non-axisymmetry, bars induce large-scale
streaming motions (e.g., Athanassoula 1992). Observational stud-
ies find enhanced central gas concentrations in barred galax-
ies (Regan & Elmegreen 1997; Sakamoto et al. 1999; Sheth et al.
2000; Zurita et al. 2004; Jogee et al. 2005). This leads to barred
galaxies also showing enhanced star formation in the central re-
gion (e.g, Ho et al. 1997; Ellison et al. 2011), and pronounced nu-
clear rings (Knapen et al. 2002; Comerón et al. 2010; Kim et al.
2012; Seo & Kim 2013). Eventually, bars induce the formation of
discy pseudo bulges in their host galaxies (Kormendy & Kennicutt
2004; Sheth et al. 2005; Athanassoula 2005; Debattista et al. 2006;
Cheung et al. 2013).
The impact of bars on disc galaxies is not only limited
to the central part of the galaxy. Bar torques bring the gas
inside the corotation inwards, while pushing the gas between
the corotation radius and the outer Lindblad resonance radius
outwards (Combes & Gerin 1985; Combes 2008; Kubryk et al.
2013). Barred galaxies are often accompanied by an outer ring
where one of the bar resonances is expected to be located
(Schwarz 1981; Buta & Combes 1996; Buta et al. 2003, 2015;
Romero-Gómez et al. 2006; Athanassoula et al. 2009). Thus bars
drive secular evolution in their host galaxies, slowly re-arranging
mass and angular momentum distributions throughout the different
galactic components.
Numerical simulations predict that bar-induced angular mo-
mentum redistribution leads discs to show a break in their ra-
dial density profile (Valenzuela & Klypin 2003; Debattista et al.
2006) with a shallower inner disc and a steeply decreasing
outer disc. Observational data also show that, compared to un-
barred galaxies, barred ones show larger global disc scale length
and fainter central surface brightness of discs among mas-
sive galaxies (Sánchez-Janssen & Gadotti 2013; Díaz-García et al.
2016). The majority of disc galaxies are found to show at
least one disc break (e.g., Pohlen et al. 2002; Pohlen & Trujillo
2006; Erwin et al. 2008; Gutiérrez et al. 2011; Maltby et al.
2012; Muñoz-Mateos et al. 2013; Kim et al. 2014; Laine et al.
2014; for edge-on galaxies, see also Comerón et al. 2012;
Martín-Navarro et al. 2012), and this has been confirmed by simu-
lations (e.g., Roškar et al. 2008a; Athanassoula et al. 2016). How-
ever, it should be noted that not all disc breaks are produced by
bars, and even unbarred galaxies may show disc breaks. Apart from
the bar-driven one, several other mechanisms responsible for disc
breaks have been proposed (e.g., van der Kruit 1987; Tagger et al.
1987; Kennicutt 1989; Laurikainen & Salo 2001; Elmegreen et al.
2007; Younger et al. 2007; Roškar et al. 2008b; Minchev et al.
2012; Muñoz-Mateos et al. 2013).
If a galaxy has a disc break, there are two different disc scale
lengths: the inner and the outer disc scale length. Compared to the
global disc scale length which ignored the disc break, the inner
and outer disc scale lengths differ by ∼ 40 per cent on average
(Kim et al. 2014). It is therefore important to separate a disc into
its inner and outer parts. Laine et al. (2014) find that the average
disc profile of Type I is similar to the average outer disc profile
of Type II, while inner disc profiles of Type II are flatter than disc
profiles of Type I, and Laine et al. (2014) attribute this difference
to the effects of bars.
A morphology often seen in barred galaxies is well repre-
sented by the so-called Θ-shaped galaxies, which show a light
deficit in the disc surrounding the bar at radii smaller than the radius
of the inner ring (i.e. the ring that is often present near the ends of
the bar), and thus within the bar radius. Gadotti & de Souza (2003)
have studied two of such barred galaxies (NGC 4608 and NGC
5701; see also Laurikainen et al. 2005; Gadotti 2008). We show
more examples in Fig. 1, in which arrows indicate the disc light
deficit around the bar within the bar radius (note that the presence
of an inner ring is not a necessary condition for the occurrence of
the light deficit). Theoretical work also finds light deficits in sim-
ulated galaxies (e.g., AM02; Athanassoula et al. 2013). In particu-
lar, a model with a more centrally concentrated halo shows a more
prominent light deficit, as well as a stronger, longer and thinner
bar, as compared to a model with a less centrally concentrated halo
(AM02).
Theoretical studies have also predicted that bars give up an-
gular momentum as they evolve, which leads to several changes in
bar properties that might also affect the disc. Athanassoula (2003),
considering the bar as an ensemble of orbits, presents schemati-
cally three possible changes in its orbital structure. Firstly, the bar
traps stars which were initially on quasi-circular orbits just outside
the bar. The new orbits are elongated and thus the bar becomes
longer and/or more massive, to the detriment of the surrounding
disc. Secondly, orbits in the bar become more elongated, i.e. the
bar becomes thinner. Lastly, the bar slows down by lowering its
pattern speed. These three possible processes are closely linked to-
gether and occur simultaneously. In summary, simulations predict
that as bars evolve disc stars are captured onto bar orbits. With the
help of these newly captured stars the bar becomes longer and more
massive. Thus, since stars are removed from the disc and added to
the bar, the inner part of the disc surrounding the bar (i.e. at galac-
tocentric radii below the bar radius, or r < Rbar) should in prin-
ciple become less dense. Hence, we should expect that there will
be a deficit of light from the disc surrounding the bar, and, as the
MNRAS 000, 1–13 (2016)
Bar-Induced Secular Evolution in Galaxies 3
NGC1015
IC1438
Figure 1. (Left): Images of NGC 1015 and IC 1438 at 3.6 µm. Red arrows
indicate the deficit of light from the inner disc surrounding the bar. Hori-
zontal bars in the bottom left corners of these panels span 30 arcsec. North
is up and east is to the left. (Right): Residual images using the models fitted
in Paper I highlight the light deficits in the inner discs.
galaxy evolves, this light deficit in the inner disc will become more
pronounced. However, this effect has not yet been explored with
observational datasets and no direct comparisons with simulations
have been reported either. In this study, we test this hypothesis by
checking whether there is a relation between the bar and the inner
disc properties through detailed structural analysis, quantifying the
light deficit in both an observational dataset and a set of simulation
snapshots.
The paper is organized as follows. In §2 we give a brief
overview of our data and data analysis. Results on the impact of
bar-driven secular evolution on discs are presented in §3. We ex-
plore how bar properties change with time using the snapshots of a
simulation in §4. We discuss our results in §5, and summarize and
conclude in §6.
2 DATA AND DATA ANALYSIS
We made use of 3.6 µm images drawn from the Spitzer Survey
of Stellar Structure in Galaxies (S4G, Sheth et al. 2010, for other
data products of the S4G, please see Muñoz-Mateos et al. 2015;
Salo et al. 2015; Querejeta et al. 2015). Since less affected by dust
contamination (e.g., Meidt et al. 2012), 3.6µm images are optimal
to investigate the stellar mass distribution in galaxies. We use struc-
tural parameters presented in Kim et al. (2014, Paper I) derived via
two-dimensional image decomposition. Galaxies have been fitted
with a bulge, a bar, a nuclear point source (if any), and a disc in-
cluding a disc break (if any) using the BUlge Disk Decomposition
Analysis code (BUDDA v2.2, Gadotti 2008, de Souza et al. 2004).
We choose galaxies that show down-bending disc profiles (i.e. Type
II) from the galaxy sample of Paper I, resulting in 118 nearby galax-
ies in the mass range of 109 − 1011 M⊙ and a wide range of Hubble
types (SB0 – SBdm). For details on the sample and two dimen-
sional decomposition analysis we refer the reader to Paper I.
We separate the light emanating from the bulge, disc and bar
components. Thus the central surface brightness of the disc is not
the brightness at the centre of the galaxy, but that of the disc com-
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Figure 2. Surface brightness radial profile of NGC4314 at 3.6 µm. A grey
point represents a single pixel of the S4G image. For simplicity, we only
plot the model fit of the disc component, describing the disc break (Rbr),
the scale length of the inner disc (hin), the scale length of the outer disc
(hout), the central surface brightness of the inner disc component (µ0,in),
and that of the outer disc component (µ0,out). The blue long-dashed line
outlines the model fit of the inner part of the disc, and the blue dot-dashed
line outlines that of the outer part of the disc, including their respective
outward and inward extrapolations. Grey solid and dotted lines trace the
surface brightness profile along the bar major and minor axis, respectively.
Orange vertical solid line denotes the maximum difference between the bar
major and minor axis, Max(∆µ).
ponent from the model fit. In Fig. 2, we show as an example the
fit of NGC 936. For simplicity, we only plot the model of the disc
component even though we fit the galaxy also with a bulge and a
bar component simultaneously. The disc of NGC 936 has a break
at Rbr ∼ 100 arcsec, and the slope of the disc profiles inside and
outside of the disc break are different, i.e. their disc scale lengths
are different. We fit the light profile of the disc component using
the following representation:
µdisc(r) =



µ0,in + 1.086(r/hin), if r ≤ Rbr
µ0,out + 1.086(r/hout), if r > Rbr,
(1)
where µ0,in and µ0,out are the central surface brightness of the in-
ner and the outer discs, and hin and hout are the scale length of the
inner and the outer discs, respectively. Disc properties can thus be
characterized by a disc scale length (h) and a central surface bright-
ness (µ0), with which we can describe the slope of disc profile and
the size of disc. If a disc has a large h and low µ0, then the disc
shows a flattened radial surface brightness profile. Conversely, the
disc shows a steeply decreasing surface brightness profile if it has
a small h and high µ0. Rbr is the break radius and is fitted as a
free parameter with BUDDA. In addition to the structural param-
eters described above, we also make use of the bar radius (Rbar),
the bar-to-total luminosity ratio (Bar/T), presented in Paper I, and
the bar Sérsic index (nbar, from Kim et al. 2015). The stellar mass
of the galaxy is estimated from the total magnitude at 3.6 µm, and
we also use R25.5 (the radius where the surface brightness of the
galaxy reaches 25.5 mag arcsec−2 at 3.6 µm); both are taken from
Muñoz-Mateos et al. (2015).
MNRAS 000, 1–13 (2016)
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3 OBSERVATIONAL RESULTS
3.1 Properties of inner discs in barred galaxies
We plot the central surface brightness of the inner disc (µ0,in) as
a function of the inner disc scale length (hin) in Fig. 3. The disc
central surface brightness is corrected for inclination using µcor
= µobs − 2.5log(b/a), where b/a is the axial ratio of the galaxy.
We split the sample into galaxies with Bar/T > 0.1 and Bar/T ≤
0.1, and plot them in red and blue, respectively. Massive galaxies
(M∗ > 1010 M⊙) are shown in filled symbols, while less massive
galaxies (M∗ ≤ 1010 M⊙) are shown in open symbols. The Hubble
types of both massive and less massive galaxies range from SB0
to SBdm (-2<T<10). The majority of massive galaxies are SBa –
SBbc (1<T<4), while the majority of less massive galaxies are SBc
– SBd (5<T<8).
Fig. 3 shows that the galaxies with a large hin have a
fainter µ0,in on average. This is in agreement with previous
studies on the disc scale relation that included disc break in
the analysis (Laine et al. 2014), and even with studies that did
not include the disc break, but use a global disc scale length
(e.g., de Jong 1996; Graham & de Blok 2001; Graham 2001;
Erwin 2005; Gadotti 2009; Laurikainen et al. 2010; Fathi 2010;
Sánchez-Janssen & Gadotti 2013). Massive galaxies dominate the
upper-right locus in the µ0,in–log(hin/R25.5) plot in Fig. 3. This is be-
cause massive galaxies show elevated surface brightness profiles,
and have larger discs, on average. Therefore, they exhibit higher
µ0,in and larger hin compared to less massive ones. There is a trend
that early and intermediate type spirals are relatively more massive
than late type spirals (e.g., Laurikainen et al. 2007). Therefore, this
is in line with the studies that find late type spiral galaxies populate
the lower left of the µ0– h plane, while early and intermediate type
galaxies spread over the diagram (e.g., Graham & de Blok 2001;
Gadotti 2009; Fathi 2010). In the upper right panel of Fig. 3, we
present the Spearman correlation coefficients (ρ) and the statisti-
cal significance of the correlation (P), number of samples for each
group.
Our main interest in Fig. 3 is the distribution of µ0. Interest-
ingly, we find that massive galaxies with Bar/T > 0.1 preferentially
have lower µ0 than those with Bar/T ≤ 0.1. The distribution of µ0
for massive galaxies with Bar/T > 0.1 is skewed and shows an in-
creased number of galaxies that have a lower µ0,in. We run the two-
sided Kolmogorov–Smirnov (KS) test to examine whether the hin–,
and µ0–distributions of the two groups (Bar/T > 0.1 and Bar/T ≤
0.1) are drawn from the same distribution. PKS is the probability
that the two groups are drawn from the same parent distribution
and DKS is the maximum deviation between the two cumulative
distributions. PKS and DKS are presented in each panel. While hin of
the two groups (Bar/T > 0.1 and Bar/T ≤ 0.1) are not significantly
different, the KS-test shows that µ0 of the Bar/T > 0.1 and Bar/T
≤ 0.1 groups are clearly different among massive galaxies only, for
which we got DKS=0.27, PKS=0.07 for M∗ > 1010 M⊙. This hints
that bars might affect the inner part of the disc for massive and
strongly barred galaxies (Bar/T > 0.1). We will investigate this fur-
ther in the next subsections. However, among less massive galaxies
and galaxies with Bar/T ≤ 0.1, we find no clear trend.
3.2 Bar Length and Inner Disc Properties
Next, we explore how the properties of the bar and the inner disc
are linked to each other. Specifically, we investigate how hin and µ0
vary with the bar radius in Fig. 4. µ0 and the normalized bar radii
(Rbar/R25.5) of massive galaxies are plotted in Fig. 4(a) and those
of less massive galaxies are shown in Fig. 4(b). Rbar,0 is the de-
projected bar radius, calculated analytically following the method
developed in Gadotti et al. (2007, Appendix A) which assumes that
the shape of the outermost part of the bar (thin part of the bar) can
be well approximated by an ellipse. Fig. 4(a) shows that among
massive galaxies with Bar/T > 0.1 (red filled squares), the galax-
ies with a longer bar tend to have fainter µ0. We show the Spear-
man correlation coefficients ρ and P in each panel. Our results indi-
cate a tight correlation (ρ = 0.5) between µ0 and Rbar/R25.5, but for
massive galaxies with Bar/T > 0.1 only, at a significance level of
99.87 per cent, a result above 3σ significance. No such clear trend
is found among galaxies with Bar/T ≤ 0.1, nor among less massive
galaxies. In Fig. 4(a), there are 6 galaxies offset to the lower left
from the main trend. Those galaxies have very short bars compared
to the size of the disc (R25.5), and thus lie below the trend we found
for the massive, higher Bar/T galaxies. These galaxies are found to
be gas rich, and either bulgeless or have very insignificant bulges
(Bulge/T<0.1). We will further investigate these in the upcoming
paper. If we exclude these 6 galaxies, we obtain a mild correlation
between µ0 and Rbar/R25.5 among massive and Bar/T < 0.1 galaxies
(ρ = 0.4, P = 5.81 × 10−3).
We plot the distribution of hin/Rbar for massive galaxies in
Fig. 4(c) and that for less massive galaxies in Fig. 4(d). The dis-
tribution of hin/Rbar for galaxies with Bar/T> 0.1 shows a narrow
peak. This shows that longer bars reside in galaxies with a larger
inner disc scale length among massive galaxies with Bar/T > 0.1.
Together with the results from Fig 4(a), this implies that longer
bars reside in inner discs that show flattened radial surface bright-
ness profiles. However, again, there is no clear relation among less
massive galaxies or galaxies with Bar/T ≤ 0.1.
Two dimensional galaxy decomposition fully takes into ac-
count the structural differences (e.g., ellipticity) of disc and bar in
the galaxy model fit and the total mass of the various components
is not kept constant in any way. Therefore, our results do not come
from just light (mass) reassignment between galaxy components in
the fitting sense. For example, it is possible to have a model fit with
a long, strong bar and a bright disc if there is such a galaxy.
3.3 Quantifying the light deficit around the bar in inner discs
In the previous subsections, we have used the structural parame-
ters (µ0,in and hin) derived from our two-dimensional galaxy model
fits. However, those are rather indirect quantities which need galaxy
model fits to describe the deficit of light in the inner disc surround-
ing the bar. Here we take a different approach and devise an indi-
cator for the light deficit in the inner disk using a non-parametric
analysis to explore the relation between the bar and the light deficit
in the inner disc.
Bars are non-axisymmetric features, and thus the light profiles
of galaxies along the bar major and minor axes differ at r < Rbar.
In Fig. 5, we plot light profiles of galaxies along the bar major and
minor axes in solid and dashed lines, respectively. To obtain the bar
major axis profile, first we measure the position angle of the bar for
each galaxy, and rotate the image so that the bar is aligned horizon-
tally. Then, we put a slit of 5.25 arcsec (7 pixels) width horizontally
and calculate the mean surface brightness at each radius. The bar
minor axis profile is calculated in the same way but by putting the
slit vertically. Beyond the bar width, the bar minor axis profile ba-
sically traces the profile of the disc region. Grey vertical dashed
lines in Fig. 5 denote the bar length, and green vertical solid lines
indicate the radii where the bar major and minor axes profiles meet
MNRAS 000, 1–13 (2016)
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Figure 3. Central surface brightness of inner discs (µ0,in) and inner disc scale length (hin) at 3.6 µm. Note that the central surface brightness of the disc is not
the brightness at the centre of the galaxy, but that of just the disc component. Blue symbols denote galaxies with Bar/T ≤ 0.1 and red symbols denote galaxies
with Bar/T > 0.1. Massive galaxies (M∗/M⊙> 1010) are plotted with filled symbols, and less massive galaxies (M∗/M⊙≤ 1010) are in open symbols. The
distributions of µ0,in and hin are also shown separately for galaxies with stellar masses above and below 1010 M⊙. In each panel of distributions, we present
results from Kolmogorov–Smirnov test (PKS and DKS). In the upper right part, we give the Spearman correlation coefficients (ρ and P) of the µ0 − log(hin)
distributions and number of galaxies for each group.
or cross (Rcross). Galaxies in the upper two panels have a large hin
and a low µ0,in, i.e. they are located in the lower-right part of Fig. 3.
In turn, galaxies in the lower two panels have a smaller hin and high
µ0,in, and are located in the upper-left part of Fig. 3.
We define the Max(∆µ) [mag arcsec−2] as the maximum dif-
ference between the surface brightness profiles along the bar major
and minor axes. Therefore, by default, Max(∆µ) is positive for all
barred galaxies and close to zero for weak, inconspicuous barred
galaxies. Max(∆µ) is a measure of the bar prominence in the sense
that it contains the light from the bar above the disc. Because bars
become stronger by capturing disc stars, Max(∆µ) is also a measure
of the light deficit in the inner disc, and Max(∆µ) also contains the
light deficit below the average disc. Therefore, we use Max(∆µ) as
an indicator of the light deficit in the inner disc. We make use of
images taken at 3.6 µm, where dust extinction is minimal and the
mass-to-light ratio variation due to the star formation history is not
significant, thus the light deficit at 3.6 µm can be directly translated
to a mass deficit.
In Fig. 5, vertical blue lines that connect two squares indicate
the measurements of Max(∆µ). There is a tendency that Max(∆µ)
is larger for galaxies in the upper two panels than for those in the
lower two panels. This indicates that galaxies with large hin and
low µ0 (i.e. inner disc with flattened radial profile) tend to have
large Max(∆µ).
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Figure 4. (a): Central surface brightness (µ0,in) of inner discs are plotted as a function of normalized bar radius Rbar/R25.5 for massive galaxies ( M∗ > 1010M⊙).
(b): The same as (a), but for less massive galaxies (M∗ ≤ 1010 M⊙). The galaxies with Bar/T > 0.1 are plotted in filled squares, while the galaxies with Bar/T
≤ 0.1 are in open circles. ρ and P are the Spearman correlation coefficient and the statistical significance of the coefficient, respectively. (c): Distribution of the
ratio between inner disc scale length and bar radius (hin/Rbar) for massive galaxies. The filled histogram represents galaxies with Bar/T > 0.1 while the open
histogram indicates galaxies with Bar/T ≤ 0.1. Dashed line shows the distribution of all massive galaxies. (d): The same as (c) but for less massive galaxies.
We now investigate how Max(∆µ) is related to bar parameters
in more detail. We plot Max(∆µ) as a function of normalized bar
length (Rbar/R25.5) in Fig. 6(a). Galaxies are colour-coded by their
stellar mass. We divided galaxies into three groups: log(M∗/M⊙) ≤
10.15 (40 galaxies), 10.15 < log(M∗/M⊙) ≤ 10.54 (40 galaxies),
and log(M∗/M⊙) > 10.54 (38 galaxies). The boundaries of these
groups are chosen so that they contain a similar number of galax-
ies. The figure shows that longer bars tend to have an increased
Max(∆µ). We plot Max(∆µ) against Bar/T in Fig. 6(b), and they
are also well correlated. It is interesting to note that the majority of
galaxies with Max(∆µ) > 2 mag arcsec−2 have Bar/T > 0.1. These
two figures show that Max(∆µ) is a strong function of Rbar/R25.5 and
Bar/T. This implies that conspicuous bars produce stronger light
deficits in the inner part of the disc.
Next, we show how bar Sérsic indices (nbar) are related to
Max(∆µ) in Fig. 7(a). nbar describes the shape of the bar radial sur-
face brightness profile (for details, see Kim et al. 2015). In short,
bars that have nbar ∼ 1 show exponential-like surface brightness
profiles that resemble those of discs, while bars with nbar . 0.5
show flat radial profiles. Because bars are formed from discs, it has
been suggested that bars with nbar ∼ 1 are dynamically relatively
young (i.e. have formed recently), while bars with nbar . 0.5 are
dynamically old (Kim et al. 2015). Fig. 7(a) shows that galaxies
that have large Max(∆µ) – i.e. larger than about 2 – are predomi-
nantly massive galaxies with flat bars. However, apart from this, we
do not find a clear connection between Max(∆µ) and nbar.
In Fig. 7(b) and (c), we plot the bar ellipticity (εbar,0, de-
projected) and the bar ellipticity multiplied by the bar boxiness
(εbar,0 × c). The bar boxiness, c, describes the face-on shape of
bars (see Athanassoula et al. 1990 for a definition and Kim et al.
2015 for more information on how to obtain its value). We obtain c
treating bars as one component. εbar,0 has been shown to be a good
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Bar-Induced Secular Evolution in Galaxies 7
0 30 60 90
R [arcsec]
18
22
26
µ 
[m
ag
 ar
cs
ec
-
2 ]
NGC6339
µ0,in=22.6
hin=  53.1["] ,  7.9[kpc]
50 100 150
R [arcsec]
NGC0210
µ0,in=22.7
hin=  97.8["] ,  9.9[kpc]
20 40 60
R [arcsec]
NGC3049
µ0,in=22.2
hin=  47.2["] ,  7.0[kpc]
40 80 120
R [arcsec]
NGC7140
µ0,in=22.1
hin=  44.6["] ,  8.1[kpc]
0 60 120 180
R [arcsec]
18
22
26
µ 
[m
ag
 ar
cs
ec
-
2 ]
NGC3319
µ0,in=22.9
hin=  80.1["] ,  6.4[kpc]
40 80 120
R [arcsec]
NGC5964
µ0,in=22.3
hin=  73.3["] ,  9.4[kpc]
20 40 60
R [arcsec]
IC1438
µ0,in=21.9
hin=  39.8["] ,  6.5[kpc]
40 80 120
R [arcsec]
NGC7479
µ0,in=21.6
hin= 119.2["] , 19.6[kpc]
0 15 30 45
R [arcsec]
18
22
26
µ 
[m
ag
 ar
cs
ec
-
2 ]
PGC053093
µ0,in=19.4
hin=  13.5["] ,  2.5[kpc]
30 60 90
R [arcsec]
NGC5713
µ0,in=19.6
hin=  31.2["] ,  3.6[kpc]
20 40 60
R [arcsec]
NGC0701
µ0,in=19.7
hin=  31.2["] ,  3.4[kpc]
30 60 90
R [arcsec]
NGC3637
µ0,in=19.8
hin=  15.5["] ,  2.1[kpc]
0 60 120 180
R [arcsec]
18
22
26
µ 
[m
ag
 ar
cs
ec
-
2 ]
NGC3344
µ0,in=20.0
hin=  45.9["] ,  1.4[kpc]
15 30 45
R [arcsec]
NGC7051
µ0,in=20.0
hin=  16.1["] ,  2.1[kpc]
30 60 90
R [arcsec]
NGC2964
µ0,in=19.8
hin=  36.1["] ,  3.7[kpc]
20 40 60
R [arcsec]
NGC1341
µ0,in=20.1
hin=  17.4["] ,  1.4[kpc]
Figure 5. Light profiles along the bar major axis (solid line) and minor axis (dashed line) taken from deprojected images. The inset image of each panel shows
the S4G image of the galaxy as observed, not deprojected. Each image covers the galaxy out to r = 0.7 × R25.5 that is denoted by the downward arrow. The
upper two panels represent galaxies with a large disc scale length and low inner disc central surface brightness, i.e. galaxies with flattened inner discs. These
galaxies are located in the lower-right part of Fig. 3. Galaxies in the lower two panels have a relatively smaller disc scale length and high inner disc central
surface brightness, and thus lie in the upper-left part of Fig. 3. Dashed grey vertical lines indicate the deprojected bar radius. Solid light green vertical lines
indicate the radius where the two profiles cross (Rcross). Vertical blue lines connecting two blue filled squares denote the measured Max(∆µ) (see text).
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measure of the bar strength for bars of roughly the same relative
mass (Athanassoula 1992), and has been extended to include all
bars, independent of their mass, in observational studies as e.g. by
Gadotti (2011), who introduced also εbar,0 × c as a further measure
of bar strength. Fig. 7(b) indicates that except for massive galax-
ies, highly elongated bars tend to have larger Max(∆µ). There are a
number of points that lie well above the trend, and these are dom-
inated by massive galaxies. These are the galaxies for which the
light deficit in the disc surrounding the bar is very pronounced. For
galaxies located above the dotted line in Fig. 7(b) (overlaid with
crosses), we have checked morphological classifications and anal-
ysis (Buta et al. 2015; Herrera-Endoqui et al. 2015) and find that
most of such galaxies have a bar that is either embedded in an
inner lens (i.e., a lens that has the same major axis length as the
bar) or surrounded by an inner ring. The exceptions are NGC3672
and NGC5964. Our decompositions do not include models for the
lens and the inner ring. Therefore, for these galaxies, our measures
of bar ellipticity might be biased towards lower values. Removing
these galaxies from the discussion or shifting them towards higher
values of ellipticity strengthens the correlations between Max(∆µ)
and εbar,0 and εbar,0 × c in Figs. 7(b) and (c). We also investigate
whether removing those galaxies with crosses from Fig. 6(a) and
(b) makes any differences in the trend by checking Spearman corre-
lation coefficients. We find that even after omitting out those galax-
ies, we still find clear correlations.
If a galaxy has a prominent inner lens around the bar that fills
the disc region within the bar radius, such inner lens might hinder
us from measuring the light deficit of the inner disc. For such galax-
ies, Max(∆µ) might be small because even along the bar minor axis,
inner lens brings up the surface brightness profile (e.g., NGC0210,
NGC3637 in Fig 5.). In our sample, only ∼11% of galaxies have
either bar lens and/or ring lens (Buta et al. 2015), thus the results
we obtain in Section 3.3 remain intact.
In addition to Max(∆µ), another proxy for the light deficit
in the inner disc would be the area between the galaxy light pro-
files along the bar major and minor axes (see green shaded area in
Fig. 5). We also estimated this area inside of Rcross to check how it
correlates with the other parameters presented in Fig. 6 and Fig. 7.
We find that the correlations are similar or less strong compared to
the corresponding correlations with Max(∆µ). This is because any
errors in producing deprojected images (e.g., ellipticity and posi-
tion angle) can affect these areas considerably, whereas Max(∆µ) is
relatively less affected by such errors.
In summary, we find that Max(∆µ) is strongly related to bar
length, Bar/T, and also to the bar ellipticity (but to a lesser degree).
This demonstrates that the light deficit in the inner disc is connected
to the bar.
4 EVOLUTION OF THE LIGHT PROFILE IN
SIMULATED BARRED GALAXIES
With observational data, we cannot directly trace the evolution of
a given galaxy, but only infer their evolution globally, by studying
galaxies with e.g. various Hubble types and masses, and/or apply-
ing indirect or statistical methods. Thus, simulations come to play
an important role as they easily provide us information on how in-
dividual simulated galaxies evolve. We now make use of simula-
tions to trace how the mass profiles of the simulated galaxy change
with time. We use snapshot images from an N-body simulation of a
disc galaxy by Athanassoula et al. (2013). These include gas and its
physics, namely star formation feedback and cooling. They are also
fully self-consistent, including a live, responsive halo which allows
the angular momentum exchange within the galaxy to be correctly
modeled (see Athanassoula 2002; Athanassoula et al. 2013 for a
comparison of the effects of a rigid and a live halo on bar growth
and evolution). We show the image obtained from all stellar par-
ticles, independent of their age, of simulation “gtr116” at t = 3,
5, 7 and 9 Gyr in Fig. 8. All images have the same physical scale
(30 × 30 kpc) and are displayed to have the same stretch (scale and
contrast). From t = 3 to 9 Gyr, the light deficit in the inner disc
becomes more prominent and the bar becomes longer. We plot the
bar major and minor axis profiles in the right panel of Fig. 8 for the
simulated galaxy at t = 3, 5, 7 and 9 Gyrs, just like we did in Fig. 5
for the real galaxies in our sample. Profiles along the bar major and
minor axes are plotted as solid and dashed lines, respectively. The
figure shows that as the galaxy evolves, the minimum of the dip in
the bar minor axis profile reaches fainter density (luminosity) lev-
els, so that Max(∆µ) increases by ∼ 1.4 mag arcsec−2 from t = 3 to
9 Gyr, and the light deficit in the inner disc becomes more promi-
nent. In addition to the increase of Max(∆µ), the bar becomes also
longer with time. These results confirm previous results by AM02,
but extend them and supersede them in that they include gas (and
its physics, namely star formation, feedback and cooling), which is
a central protagonist in secular evolution.
5 DISCUSSION
We show above that, when considering massive galaxies (M∗/M⊙>
1010), longer bars tend to reside in inner discs that show flattened
surface brightness profiles, when Bar/T is above 0.1 (see Sec-
tion 3.1 and 3.2). This tendency is relatively weak for less mas-
sive galaxies. However, devising a more direct measure of the light
deficit in the inner disc, Max(∆µ), we find that such deficit clearly
shows up also among less massive galaxies (Sect. 3.3). The relation
between Max(∆µ) and bar length and Bar/T clearly holds through-
out the mass range explored in this study (109 − 1011 M⊙). What is
the origin of these light deficits?
Numerical simulations find that as a barred galaxy evolves,
the bar loses angular momentum to the outer disc or halo (see
Athanassoula 2013 for a review and references therein), and the
bar becomes more elongated, changing the shape of its main orbital
families and making them thinner and more extended by trapping
disc stars near the bar in orbits belonging to the bar (Athanassoula
2003). As a consequence, we conjecture that those captured disc
stars lead to the light deficit in the inner disc, and the inner disc thus
shows a flattened radial surface brightness profile (fainter µ0 and
larger hin). In some cases, the light deficit becomes considerably
pronounced and the inner disc becomes very faint within the bar
radius, as can be seen in Figs. 1 and 8 (see also Gadotti & de Souza
2003).
Our quantification of the light deficit, given by the parameter
Max(∆µ), proved to be very elucidative. Max(∆µ) might be small,
or, more probably, absent when there is no bar. But once the bar
forms, Max(∆µ) should increase and become significant. By cap-
turing more and more disc stars into the bar, the bar becomes longer
and at the same time, the light deficit in the inner disc becomes
more pronounced, and thus Max(∆µ) increases.
As we find that the galaxies with a longer bar and higher Bar/T
have larger Max(∆µ), our results are consistent with theoretical
expectations, strongly suggesting that indeed the light deficit ob-
served in the inner discs is produced by bars. In addition, we also
find that the vast majority of galaxies with Max(∆µ) above 2 are in
MNRAS 000, 1–13 (2016)
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our highest bin of stellar mass, and have bars with flat radial pro-
files. This is consistent with our picture that bars form first in more
massive galaxies, and thus more massive galaxies today have more
evolved bars (Sheth et al. 2012). And it is also consistent with the
idea that massive galaxies mostly host evolved bars that show flat-
ter radial profiles (Kim et al. 2015). Thus, our results provide direct
observational evidence for such bar-driven secular disc evolution.
We have shown that the disc material is captured onto bar or-
bits as the galaxy evolves. Another important result to emphasize
is that the material is taken out of specific locations of the disc,
and these specific locations agree with the results from simulated
galaxies that have undergone bar driven secular evolution. We will
discuss these points, the corresponding dynamical implications and
their links to observations in a forthcoming paper based on simula-
tions.
There are some caveats to note. In this study, bar radii and bar
ellipticities are deprojected analytically assuming that the bar shape
can be approximated by an ellipse. Although bars can be approxi-
mated by ellipses, a more elaborate description with generalized el-
lipses (Athanassoula et al. 1990, also the appendix in Athanassoula
2014) shows that bars are slightly more boxy. Thus, any differences
between the shape of the bar and the approximated ellipse might
produce uncertainty in the deprojection. Also the uncertainties in
the inclination angle of the galaxy and position angle of the line of
nodes will produce uncertainties in the deprojection.
In our decompositions we used one single ellipsoidal com-
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Figure 8. Left panel: Snapshot images of the simulated galaxy from Athanassoula et al. (2013) (gtr116) at t = 3, 5, 7 and 9 Gyr. All images span 30 × 30 kpc,
and are displayed to have the same stretch. The light deficit is more pronounced at t = 7 and 9 Gyr, as compared to t = 3 and 5 Gyr. Right panel: Light profiles
of the simulated galaxy at the four different times. Solid lines represent profiles along the bar major axis while dashed lines represent profiles along the bar
minor axis. Bar radii are indicated with downward arrows, and Max(∆µ) for each time is plotted with a vertical line connecting two filled squares.
ponent to describe the bar while bars have a complex shape.
The outer part of the bar is both horizontally and vertically
thin and an inner part of the bar is thick in both directions
(e.g., Athanassoula 2005). When seen face-on, the inner compo-
nent is called barlens, a component first recognised and classi-
fied in Laurikainen et al. (2011), but seen edge-on are known as a
boxy/peanut/X (Laurikainen et al. 2014; Athanassoula et al. 2015).
To take into account the bar geometry in more detail, we need more
sophisticated decompositions that include two independent com-
ponents of bars (Laurikainen et al. 2005, 2014; Athanassoula et al.
2015. The latter paper discusses further shortcomings of assuming
a bar as a single ellipsoidal). If bars had been modelled with two
components, we might have been able to put better constraints on
whether there is a relation between Max(∆µ) and the profile of each
component of the bar. However, such decompositions are beyond
the scope of this paper, and will be considered in the forthcoming
theoretical paper.
6 SUMMARY AND CONCLUSIONS
Bars act as a driving force for the evolution of their host galaxies.
With the aim of assessing the impact of bar-driven secular evolu-
tion on discs, we used 3.6 µm images of 118 nearby barred galaxies
from the S4G with type II (down-bending) radial surface brightness
profiles. We investigated how the properties of bars are related to
those of the inner parts of their host discs. In particular, we investi-
gated the origin of the light deficits often observed in the part of in-
ner discs surrounding the bar, within the bar radius (see e.g. Gadotti
2008, for earlier discussions). Our main results can be summarized
as follows:
• Among massive galaxies with a prominent bar (Bar/T> 0.1),
there is a clear trend that longer bars reside in more flattened in-
ner discs (larger inner disc scale length and lower central surface
brightness) than shorter bars do. Such galaxies often show the light
deficit around the bar in the inner part of the disc.
• To better understand the relation between the bar and the light
deficit in inner discs, we quantify the light deficit. We measure the
maximum difference between the surface brightness profiles along
the bar major and minor axes, Max(∆µ). As it measures the light
above the disc, Max(∆µ) is a measure of the bar prominence. Be-
cause bars evolve by capturing disc stars, Max(∆µ) is also a indi-
cator for the light deficit in the inner disc. We find that Max(∆µ) is
strongly related to the bar size and to Bar/T, so that the light deficit
is directly proportional to bar size and to how conspicuous the bar
is.
• By studying a time sequence of snapshots from the evolu-
tion of a simulated barred galaxy, we find that as the bar evolves,
it becomes longer and the light deficit in the inner disc becomes
more pronounced. This can be understood by the fact that as a
barred galaxy evolves, the bar loses angular momentum and be-
comes longer and more massive by trapping nearby disc stars onto
bar orbits. Therefore, the light deficit is produced as a consequence
of the capture of disc stars by the bar, which are thus removed from
the inner part of discs.
The observed correlations between the light deficit and bar
size and Bar/T (Fig. 6) are consistent with the picture drawn from
the analysis of the evolution of a simulated barred galaxy (Fig. 8),
in that bars grow longer and more conspicuous by capturing nearby
disc stars. Based on these results, we therefore propose that the light
deficit often observed in the part of the inner discs within the bar
radius is produced by bars. This is direct evidence for bar-driven
secular evolution in galactic discs, and a strong indication that bars
are actively involved in shaping the mass distribution of their host
galaxies.
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